Exposure of a developing foetus to maternal gestational diabetes (GDM) has been shown to programme future risk of diabetes and obesity. Epigenetic variation in foetal tissue may have a mechanistic role in metabolic disease programming through interaction of the pregnancy environment with gene function. We aimed to identify genome-wide DNA methylation variation in cord blood and placenta from offspring born to mothers with and without GDM. Pregnant women of South Asian origin were studied and foetal tissues sampled at term delivery. The Illumina HumanMethylation450 BeadChip was used to assay genomewide DNA methylation in placenta and cord blood from 27 GDM exposed and 21 unexposed offspring. We identified 1485 cord blood and 1708 placenta methylation variable positions (MVPs) achieving genome-wide significance (adjusted P-value <0.05) with methylation differences of >5%. MVPs were disproportionately located within first exons. A bioinformatic co-methylation algorithm was used to detect consistent directionality of methylation in 1000 bp window around each MVP was observed at 74% of placenta and 59% of cord blood MVPs. KEGG pathway analysis showed enrichment of pathways involved in endocytosis, MAPK signalling and extracellular triggers to intracellular metabolic processes. Replication studies should integrate genomics and transcriptomics with longitudinal sampling to elucidate stability, determine causality for translation into biomarker and prevention studies.
Introduction
Gestational diabetes mellitus (GDM) is a common, asymptomatic metabolic disorder of pregnancy manifest by maternal impaired glucose tolerance from the late second trimester of pregnancy onwards. The prevalence of gestational diabetes has been estimated at 2-10% of pregnancies in the USA (1) , and 3.5% in the maternal insulin production to cope with ensuing hyperglycaemia. Maternal glucose crosses the placental interface but insulin does not, leading to foetal hyperglycaemia and hyperinsulinaemia. Foetal hyperinsulinism results in accelerated foetal growth, leading to macrosomia and organomegaly and neonatal hypoglycaemia. Additional disruptions to materno-placentofoetal nutrient transfer in GDM include altered transit of amino acids (5), lipids (6) and fatty acids (7) and altered vascular and endothelial function in placenta (8) .
The altered pregnancy environment in gestational diabetes is thought to confer future risk of diabetes and obesity to the developing foetus through 'developmental programming'. Multiple cross-sectional studies have identified an association between maternal gestational diabetes (GDM) and a phenotype of diabetes and obesity in offspring. For example, studies in the Pima Indian population of the USA showed that offspring born to women with gestational diabetes developed fasting hyperglycaemia, higher rates of abnormal glucose tolerance and obesity, compared with controls (9) . In a rat model, an induced phenotype of maternal hyperglycaemia in the third trimester of pregnancy induces a programmed phenotype of glucose intolerance and impaired insulin secretion in F1 offspring and similar consequences transmitted to the F2 generation, independent of genetic risk (10) . Additional human studies have employed careful study design to try and minimize genetic confounding in studies of foetal programming via GDM and their evidence also supports that non-genetic factors are involved (11, 12) .
The study of epigenetics is providing insight into mechanisms by which genetic and environmental factors can interact to predispose to disease, including in animal and human models of foetal programming (13) (14) (15) (16) (17) . Recently, studies of target gene regions have identified epigenetic modifications in foetal tissues from women with obesity and gestational diabetes (18) and according to quantitative metabolic traits in pregnancy (19) . Additional evidence that epigenetic factors may play a role in the nutritional environment of pregnancy comes from a study of genes encoding high-affinity glucose transporters (GLUT1 and GLUT3) in placenta which show a relationship between DNA methylation and their gene expression that could impact glucose flux between the maternal and foetal circulation (20) .
To date, most studies identifying epigenetic variation in association with adverse in utero exposures have employed targeted approaches to study DNA methylation at specific genes of interest and show small methylation differences between exposed and unexposed are small (<5% in case-control analyses and correlations of ≤0.35 with quantitative traits) (17, 19, 21) . While these studies provide useful observations, they do not offer insights into complex processes of genomic regulation and are biased towards regions of genetic interest. A genome-wide approach to studying epigenetic variation offers an opportunity to investigate gene-environment interactions, unbiased by a priori hypotheses and thus may provide useful insight into the mechanisms of foetal programming. To date, one genome-wide study of DNA methylation in offspring exposed to gestational diabetes has been performed, but the differences it detected did not hold up to false discovery rate control due to presumed insufficient sample size and power to detect differences (22) .
This study has been designed as a discovery-based investigation of genome-wide epigenetic variation in foetal tissues exposed to maternal GDM to provide focus for future studies of gene function and longitudinal stability of marks and association with phenotype. UK-based South Asians were studied due to their high prevalence of gestational diabetes and excess contribution to the worldwide risk of type 2 diabetes and cardiovascular disease in home and migrant populations (23) .
Results
Women with gestational diabetes (n = 28) and controls (n = 21) were recruited in the third trimester of pregnancy. Women in the gestational diabetes (GDM) group were, on average, 4 years older than controls, but had no significant phenotypic differences (Table 1) . Of those mothers with GDM, the majority (74%) were diet-controlled, and the remaining were treated with insulin alone (19%) or the combination of metformin and insulin. Offspring born to control and GDM mothers were no different Table S1 ) (25) . There was no difference in gestational age at delivery of control and GDM offspring, and they were all born at term (>255 days). Six placenta (3 GDM, 3 control) samples and one cord blood (GDM) sample were removed as they failed quality control checks after DNA extraction and bisulphite conversion. Analysis of genome-wide methylation data was performed on placenta (n = 25 versus 18) and cord blood (n = 27 versus 21) samples from offspring born to GDM and control mothers. Of 485 512 probes present per array, the following probes were removed: 40 590 cross hybridizing, 11 648 X and Y chromosome, 1661 ( placenta) and 1805 (cord blood) failing to meet the detection P-value cut-off (P ≥ 0.05), resulting in 431 613 ( placenta) and 431 469 (cord blood) probes at which CpG methylation data could be interrogated.
Significant genome-wide methylation differences were identified in placenta and cord blood. In placenta, methylation variable positions ('MVPs') were identified at 4219 probes where significant genome-wide statistical difference was achieved (FDR-corrected P < 0.05) and of these, 1373 MVPs represented a β-value difference of >5% ( Table 2) . In cord blood, 13 561 MVPs were identified (P < 0.05, FDR-corrected); of which, 1418 had a β-value difference of >5% ( Table 2) . A subset of 378 MVPs were common to both placenta and cord blood. A summary of the top MVPs, selected by FDR-adjusted P-value, in cord blood and placenta is presented in Table 3 (for full listings of MVPs, see Supplementary Material, S2). MVPs are determined as probes where methylation variation between GDM-exposed and unexposed reaches FDR-corrected P < 0.05 and β-value difference >5%. Observed versus expected distribution of MVPs was significantly different in both placenta (χ 2 46.8, df = 2, P < 0.0001) and cord blood (χ 2 58.9; df = 2, P < 0.001). To investigate the effect of cellular heterogeneity on cord blood MVPs, we used an in silico method (26) to calculate the predicted levels of different blood cell types from probe data and compared these with actual blood cell type levels, where available (Supplementary Material, Table S1 ). This comparison showed good correlation for both lymphocyte (r 2 = 0.30, P = 0.0012) and monocyte (r 2 = 0.45, P = 1.7 × 10 −5 ) levels but not for granulocyte (r 2 = 0.057, P = 0.18) levels (Supplementary Material, Fig. S1 ). We therefore re-calculated MVPs for cord blood using these calculated levels of blood subtypes (Supplementary Material, Methods) and found 12 454 MVPs were identified (P < 0.05, FDR-corrected). Of these, 9806 were in common with the unadjusted MVPs and 1258 were in common with those which had a β-value difference of >5%. As there are no referencebased data sets available for placenta, it was not possible to use the same approach for correcting for cellular heterogeneity in the placenta samples and hence we applied a reference-free approach (27) . Using this method, we identified 1 852 MVPs (P < 0.05, FDR) of which 1068 were in common with the unadjusted MVPs and 325 were in common with those that had a β-value difference of >5%. Interestingly applying this same approach to the cord blood samples yielded 11 690 MVPs, a reduction from the 12 454 MVPs found using the reference-based approach, although 1136 MVPs at >5% difference were still identified. While the large reduction in MVPs using the reference-free-based approach is suggestive that cellular heterogeneity is an important confounder, the number of MVPs (65) that were common with cord blood is also significantly reduced, suggesting that the method could be too conservative and hence is removing 'true' biological differences. We therefore propose to restrict all further analysis to MVPs unadjusted for cell count reaching genome-wide significance (P < 0.05, FDR-corrected) and with a β-value difference >5%. We report in the Supplementary Material the results from all the analysis below using the reference-free adjusted MVP with the same criteria.
To investigate whether the differential methylation identified could be driven by SNP-associated variation, we performed enrichment analysis of our MVP calls with all probes at, or adjacent to, known SNPs (218 551 probes). Of the placenta MVPs, 604 overlapped SNP-associated probes representing a small but significant depletion (1.1-fold depletion, P < 0.001), while for the cord blood MVPs, 514 probes overlapped SNP-associated probes also representing a significant depletion (1.3-fold depletion, P < 0.001). This suggests the genome-wide methylation variation persists in the absence of SNP-associated probes and we have therefore included these probes in further downstream analysis.
It is known that neighbouring CpG sites show correlated methylation states and hence to determine if our MVPs were robust, we identified 'co-methylation' in a 1000 bp window around MVPs using a bioinformatic algorithm. When applied to MVPs defined by P-value alone, placenta co-methylation was 67%, increasing to 76% at MVPs with β-value difference >5%. For cord blood MVPs, co-methylation was 56 and 62% for MVPs unfiltered and filtered by >5% β-value difference, respectively. Increasing rates of co-methylation with MVP β-value difference suggest our filtering approach of 5% β-value difference is valid and helps determine those methylation differences that are true from those that may be due to chance or technical variation.
In both placenta and cord blood samples, a greater proportion of MVPs were hypermethylated in GDM compared with control (926 versus 447 placenta; 828 versus 590 cord blood). Compared with background (all array probes) placenta and cord blood MVPs were located disproportionately frequently at probes showing intermediate methylation (β-value ≥0.3 to <0.7) compared with those with high (≥0.7) or low (<0.3) methylation density (3 × 2 factorial design; placenta χ 2 46.8, df = 2, P < 0.0001; cord blood χ 2 58.9; df = 2, P < 0.001) ( Table 2 ). The location of MVPs in relationship to known genomic architecture was summarized and compared with background Fig. 1A and B) . Placenta MVPs were disproportionately located in the first exon of genes compared with background and this difference reached statistical significance ( placenta P = 0.0027). Cord blood MVPs were significantly enriched at CpG islands (P = 0.012) ( Fig. 2A and B) . MVPs found in both cord blood and placenta were located within the first exon of genes at a rate greater than that expected by chance (P < 0.001). Analysis of gene pathway enrichment at MVPs identified was performed in placenta and cord blood MVPs and those present in both tissues (FDR-corrected P-value <0.05, β-value difference >5%). The enriched KEGG pathways were ranked according to pathway fold-enrichment differences reaching statistical significance (Tables 4-6). Variable methylation in placenta showed enrichment in pathways with potentially important effects on placental function, e.g. endocytosis, and those involved in growth, e.g. MAPK signalling. In cord blood, enrichment was observed in multiple pathways relating to insulin signalling, and growth factor signalling. Analysis of MVPs found in placenta, cord blood and those overlapping both revealed pathway enrichment in endocytosis, focal adhesion, chemokine signalling and ligandreceptor interactions and could suggest common susceptible pathways affected by gestational diabetes exposure that are not tissue-specific. These pathways display methylation differences at a range of genes involved with the extracellular triggers to a range of intracellular signalling processes, including MAPK, PI3k-AKT, JAK-STAT and Wnt, which have multiple functions in embryonic development and metabolic pathways.
To investigate whether the treatment has biased the identification of MVPs, we repeated the MVP analysis in both placenta and cord blood for metformin and/or insulin-treated GDM against control and for diet-treated GDM against control samples. We combined those treated with metformin and/or insulin due to the small numbers receiving metformin, insulin or both. In placenta, we found no probes showing methylation difference that reached genome-wide significance in the metformin and/ or insulin-treated GDM (n = 7) compared with controls. When comparing diet-controlled GDM (n = 18) with controls, differential methylation was identified at 5498 probes (P < 0.05, FDRcorrected). We hypothesized that the lack of methylation differences in the metformin-and/or insulin-treated comparison was due to the small sample size rather than effect of treatment.
In support of this hypothesis, we have plotted β-value differences of GDM versus control for these 5498 probes for the two different treatment groups and show a highly significant correlation (ρ = 0.88, P < 2.2 × 10 −16 ) that would not be expected with strong treatment-specific differences. We performed the same comparison in cord blood samples, which included a larger sample number: 7 metformin and/or insulin-treated and 20 diet-treated GDM samples. We found methylation differences at 2138 probes when comparing metformin-and/or insulin-treated GDM with controls (P < 0.05, FDR-corrected), and 9304 probes comparing diet-treated GDM with controls (P < 0.05, FDR-corrected). Again, we found strong correlation between the β-value differences from the two treatment groups (ρ = 0.97, P < 2.2 × 10
−16
). The findings of these analyses suggest that there are no strong treatmentdriven effects on methylation in cord blood and placenta, and that we are confident in our approach of comparing controls with a combined group of diet-treated and metformin and/or insulin-treated GDM. The limited power in our study limits the potential to identify whether a small subset of the MVPs do show treatment-specific effects and this could be of great interest in future work.
Discussion
To date, while clinical and epidemiological evidence of foetal programming is convincing, there is little molecular understanding how it may occur, but epigenetic studies are beginning to elucidate mechanisms intergenerational transmission of disease risk. In this study, we identify multiple genome-wide differences in DNA methylation in foetal tissues exposed to GDM, compared with controls, using a discovery-based experimental approach. Our cross-sectional study design using cord blood and placenta sampled during term delivery offers a window with which to understand the direct effects of pregnancy and may help to define an epigenetic signature of future disease risk, induced through 'foetal programming'.
Our sampling and analysis pipeline are consistent with consensus approaches (28, 29) and we have established that there is no significant difference in cellular composition of cord blood between cases and controls. To mitigate the potential for false discovery from multiple hypothesis testing, we have used stringent Benjamini and Hochberg 'false discovery rate' (FDR) control to define methylation differences. Previously reported genome-wide studies have been unable to detect DNA methylation differences reaching this level of significance due to an assumed lack of power from smaller sample sizes (22) . We have applied a further filter to define MVPs as those with methylation differences of ≥5% and provide evidence of co-methylation to further support our assertion that we have identified true variation over background noise. Although many targeted epigenetic studies report methylation differences of <5% as significant (17), the functional effects of small methylation differences in understanding complex disease pathogenesis are, as yet, undetermined. The MVPs identified are located within regulatory regions of the genome (to which the array is enriched), in or around CpG islands and with preponderance to the first exon, greater than that which would be expected by array design. It has been suggested that methylation of the first exon may have a role in transcriptional silencing (30) and may be the target site of action of Dnmt3a, a DNA methyltransferase with a role in embryonic development (31) . CpG islands are well known to have an important interaction with transcriptional regulation, and many are located at transcriptional start sites and are relatively hypomethylated to enable transcription (32) .
The identification of placental hypomethylation, relative to other tissues, is consistent with that of other studies of the placenta methylome (33) . The predominance of hypermethylation we identify at MVPs in both foetal tissues is consistent with previous reported findings of greater mean methylation in GDMexposed placenta and cord blood compared with unexposed tissues (22) . Most GDM-associated MVPs were located in regions of intermediate methylation (β-value 0.3-0.7), despite array design representing the bimodal distribution of β-values towards hyper-and hypomethylation. Existing studies have shown epigenetic variation at regions of intermediate methylation, such as placental partially methylated domains (33), but others suggest greater technical variation in the intermediate methylation range with the 450k array (34) . Technological advances in wholegenome DNA methylation profiling will help interpret this finding in future studies.
We investigated whether methylation differences were driven by genetic variation and found that epigenomic differences were not dependent on SNP-associated methylation variation, although the latter did contribute to some variation. We have therefore included SNP-containing probes in our analysis, understanding that they may be an important contributory mechanism by which gene and environment interacts in early developmental life and that our study was not adequately powered to examine this. Future studies should incorporate allele-specific methylation techniques to understand how they affect gene function, and the combined interrogation of parental and foetal tissue may yield significant insight into the role of genetic and epigenetic factors on parent-child transmission of disease risk. Genome-wide methylation differences associated with GDM exposure highlight putative effects on gene pathways with functional implications placental function and foetal development. KEGG pathway analysis suggests that the methylation variation in placenta exposed to gestational diabetes may have a role in endocytic processes. The role of endocytosis (including processes such as autophagy) in placental function is important as a responsive mechanism to variable pregnancy environments; two recent studies in term human placenta and cell lines suggest an inverse relationship between glucose and placental autophagy (35, 36) . The mitogen-activated protein kinase (MAPK) pathway, also enriched in placenta MVPs, is also thought to regulate autophagy and its effects (along with that of ERK) are known to be disrupted in gestational diabetes (37) . Pathway analysis of methylation variants in cord blood suggests that exposure to gestational diabetes impacts multiple pathways including cell adhesion, chemokine signalling and ligand-receptor interactions; these incorporate key extracellular triggers to a myriad of intracellular signalling pathways involved in growth and metabolism, including PI3k-Akt, MAPK, JAK-STAT and Wnt signalling. Enrichment of pathways incorporating these common processes, and highlighting differential methylation at genes such as growth factors and key regulators of insulin signalling pathways is reassuring and suggests that this epigenomic data set does offer a window into true pathophysiological processes. We, and others (22) , have identified MVPs that were common to both placenta and cord blood in association with gestational diabetes exposure. Pathway analysis was performed on MVPs common to both cord blood and placenta and shows enrichment of several pathways identified in either tissue alone; this may support a role for common susceptible pathways across these tissues. Although pathway analysis offers a means by which to explore putative biological mechanisms affected by gestational diabetesassociated epigenetic variation, it does not provide any additional proof that these epigenetic variants have a role in either the cause or consequence of gestational diabetes. Longitudinal and intervention-based studies need to be performed to establish whether there is a causal relationship between these epigenetic variants and GDM and/or future programmed disease in offspring. If epigenetic variants are shown to have a causal relationship with future disease, they might provide a useful 'molecular signature' and/or biomarker to improve current prediction tools of disease risk and response to intervention.
There are a number of limitations to this study. DNA from whole blood or placental samples consists of more than one cell type, nonetheless when corrected for cell heterogeneity, there are no substantial changes to our findings. The variation in GDM treatments and varied size of the treatment groups studied is a limitation of our study, although our analysis suggests that this does not drive methylation differences. This is a pilot study in small numbers, and therefore, it is difficult to exclude our results are not driven by treatment effects of GDM, maternal factors or foetal phenotype.
In summary, we have identified epigenomic variation in offspring exposed to GDM in utero through the study of DNA methylation profiles in cord blood and placenta. The detection of DNA methylation differences withstand correction for false discovery, show characteristics that distinguish them from technical variation and are not purely SNP-driven. Characterization of these epigenetic differences suggest they exist preferentially at CpG islands and within the first exon of genes and this offers a route by which to determine their role in transcriptional regulation in future studies. Pathway analysis suggests that gestational diabetes exposure may have functional impact on placental endocytic processes, increasingly understood to play a role in foetal growth and metabolism, and multiple other extra-and intracellular signalling pathways involved in growth and metabolism. While cross-sectional studies such as this one offer important insights into the effect of adverse pregnancy environments on foetal tissues, future studies must include: larger sample sizes to improve power to detect differences and control for false discovery, replication across cohorts, parallel genetic studies to establish their combined and/or independent role in parent-child transmission of disease risk, longitudinal sampling and intervention to determine causation over association and functional studies to determine the mechanism by which epigenetic variation can exert its effects.
Materials and Methods
Women of South Asian origin receiving antenatal care at the Royal London Hospital, UK, were invited to participate in the study during the third trimester of pregnancy, under institutional and ethics committee approval. All women had received screening for gestational diabetes (GDM) at 28 weeks gestation with a 2 h 75 g oral glucose tolerance test. Local diagnostic thresholds for GDM were used (0 min serum glucose ≥5.8 and/or 120 min ≥7.8 mmol/L). Women with multiple pregnancies or pre-existing diabetes (including that suggested by an abnormal glucose tolerance test at 16 weeks) were excluded. Recruited women underwent standard antenatal care and additional metabolic phenotyping during the third trimester of pregnancy.
Standardized protocols were used to sample cord blood and placenta at delivery. Cord blood was obtained from the umbilical cord vessels within 30 min of delivery and collected into EDTA tubes for full blood count measurement and storage (at −80°C within 12 h of collection). Placenta samples (2 × 2 × 2 cm) were taken adjacent to the umbilical cord insertion on the foetal surface of the placenta, membranes (chorion) were removed and the sample was rinsed thoroughly in sterile phosphate-buffered saline, placed in RNA-later solution at 4°C for 24 h and then frozen at −80°C.
DNA extraction and purification was performed from whole blood (DNeasy Blood and Tissue, QIAquick PCR purification kits, Qiagen) with standard quality control checks. Bisulphite conversion of DNA was performed using the EZ-methylation kit (Zymo) and samples with conversion efficiency (determined by qPCR) >95% were used for array hybridization. Batch effects were minimized using sample randomization per study group and tissue type prior to bisulphite conversion and hybridization.
The Illumina HumanMethylation 450BeadChip (Illumina, USA) ('450k array') was used, providing genome-wide single base resolution of DNA methylation at pre-defined CpG dinucleotides, targeted to all designable RefSeq genes, CpG islands and regulatory regions. Bisulphite-converted DNA was hybridized using standard protocols to the array which uses two types of Infinium bead chemistry to determine the methylation state (β-value) of individual CpG sites (38) . β-Values were generated from dye intensity [methylated probe intensity/(methylated probe intensity + unmethylated probe intensity + 100)] and detected via laser excitement and converted into M-values (log 2 ratio of β-value) to account for heteroscedasticity and allow analysis assuming a Gaussian distribution (39) . Data were filtered to remove cross-hybridizing probes, X and Y chromosome probes and those with a detection P-value of ≥0.05. Data were quantile normalized per colour channel, per bead and per tissue type; a method shown to reduce standard error with high performance (28) . Multiple dimensional scaling analysis was performed to Human Molecular Genetics, 2015, Vol. 24, No. 11 | 3027 exclude positional or batch effects. BMIQ was used to correct for the two different probe types contained on the array (40) .
'MVPs' were identified, per probe, between offspring born to mothers with versus without gestational diabetes using Limma (41). Benjamini and Hochberg false-discovery rate control was applied (42) . MVPs were selected first by P-value of <0.05 and second by β-value difference >5%. Methylation patterns at probes adjacent to MVPs (±500 bp) were characterized to identify 'comethylation' that may indicate biological plausibility and a putative role in transcriptional regulation (43) and using methods described by others (44) . We surveyed the KEGG Pathway Database was surveyed (45) to identify gene pathways overrepresented by regions of DNA methylation differences (MVPs) and provide a hypothetical functional correlate of our data.
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